Introduction
Lower hybrid (LH) waves, whose frequencies lie between the electron and ion cyclotron frequencies, are an excellent candidate for current drive in tokamaks. However, these waves cannot be launched directly into the plasma because the cut-off density is very low and lies at the plasma edge. To avoid this problem, spatially slow down waves are utilized since they can propagate as slow waves in the dense plasma behind the cutoff. Typically, these waves are launched by waveguide grills and there exist fast efficient codes that determine the coupling of these antennas to the plasma. A survey of earlier work on LH coupling is described in our earlier papers [1] and [2] . Here we mention only those codes which scale appropriately when moving from a single-row to large multi-row multi-junction LH grills as C3 [3] and C4 [4] for TORE SUPRA or envisaged launcher for ITER [5] . Codes such as ALOHA-1D, ALOHA-2D [2] , TOPLHA [6] and GRILL3D [7] can handle these large multi-row multi-junction grills and they are being run on possible ITER LH launcher scenarios [8, 9] . The 3D full wave finite element code LHEAF [10] (see also [11] ) solves the coupling of the launcher as well as the interaction of LH waves with the ITER plasma. However all these codes, with the exception of the ALOHA-1D code, require large computational resources, and being relatively slow are rather impractical for everyday usage in planning experimental runs.
Our goal is to fill this gap by updating our fast code OLGA [1] and testing it on the large passive-active multi-junction
The full wave code OLGA, for determining the coupling of a single row lower hybrid launcher (waveguide grills) to the plasma, is extended to handle multirow multijunction active passive structures (like the C3 and C4 launchers on TORE SUPRA) by implementing the scattering matrix formalism. The extended code is still computationally fast because of the use of (i) 2D splines of the plasma surface admittance in the accessibility region of the k-space, (ii) high order Gaussian quadrature rules for the integration of the coupling elements and (iii) utilizing the symmetries of the coupling elements in the multiperiodic structures. The extended OLGA code is benchmarked against the ALOHA-1D, ALOHA-2D and TOPLHA codes for the coupling of the C3 and C4 TORE SUPRA launchers for several plasma configurations derived from reflectometry and interferometery. Unlike nearly all codes (except the ALOHA-1D code), OLGA does not require large computational resources and can be used for everyday usage in planning experimental runs. In particular, it is shown that the OLGA code correctly handles the coupling of the C3 and C4 launchers over a very wide range of plasma densities in front of the grill. launchers C3 and C4 on TORE SUPRA. We shall outline the new features that have been introduced into the OLGA code in order for it to be able to handle these large antenna structures while remaining a fast and efficient code.
In section 2 we will first examine the effect of several rows of waveguides on the coupling of the LH grill to the plasma. Modern LH launchers consist of multi-junction sections and these can be represented by scattering matrices. These scattering matrices are determined from the 3D finite element solution of wave propagation in the corresponding waveguide junction (for example, on using the commercially available package ANSYS HFSS [12] ). These matrices include the curvature of the grill mouth designed to the magnetic surface in front of the grill. From the 1D full wave model of wave propagation in the plasma used in OLGA we can approximate the grill coupling in 3D space (a similar approach is employed in the TOPLHA code). We analyze the role of the accessibility [13] of these launched waves on the power spectrum directionality and the connected current drive efficiency of the grill, using both WKB and full wave calculations. The situation is further complicated by the final depth of integration in the full wave solution of the wave propagation which leads to the reduced accessibility limit.
In section 3, we benchmark our OLGA code against ALOHA-1D, ALOHA-2D and TOPLHA in the coupling of the TORE SUPRA C3 and C4 launchers to the plasma. In the TORE SUPRA shot 43016, we examine 9 experimental density profiles whose density in front of the grill systematically grows from n mouth = 0.2n crit to 3n crit (for LH wave frequency f = 3.7 GHz the critical density for the slow wave cutoff is n crit = 1.69 × 10 17 m −3 ). This density range covers the parameter regime from ineffective to optimal coupling. We discuss simulation results for the OLGA and ALOHA-1D codes for the coupling of the C3 and C4 launchers. We also consider a so-called reduced launcher (2 central modules from the upper row and 3 passive waveguides) using not only OLGA and ALOHA-1D, but also the ALOHA-2D and TOPLHA codes.
Finally, in appendix, the symmetry properties of the coupling elements for the multi-periodic system are expounded.
Extension of the OLGA code to simulate multi-row multi-junction launchers
Our earlier OLGA code [1] could only model simple LH wave launchers. Here we will extend the OLGA code to handle multi-row multi-junction launchers while still retaining a highly efficient code capable of quick wallclock turnaround as needed in rapid experimental feedback.
We use the same notation as in [1] , with coordinate system: origin at the geometric center of the grill mouth, z parallel to the magnetic field B, y in the poloidal direction ('up'), and x directed radially into the plasma. Thus the radial, poloidal and toroidal components of the wave refractive index emitted by the launcher are N x , N y , N z . We shall also orient the long sides of the waveguides to be perpendicular to the magnetic field, and employ Gaussian units with harmonic dependence e −iωt . The plasma is modeled by a simple 1D algorithm.
Multi-row system
The LH wave launchers are considered to have N rows identical rows, numbered from the top to the bottom, with y irow denoting the positions of the upper horizontal walls of the waveguides in the ith row. Since the integrands of the coupling elements between waveguide modes in different rows are proportional to the highly oscillatory factor exp(iN y k vac (y irow − y jrow )), the coupling between modes in different waveguides is very weak. Thus the 1D spectrum (formed by integrating the spectral power density over N y ) for a one row system is essentially the same as for a multi-row system with the same geometric waveguides.. So in ALOHA-1D, when we study the C3 and C4 launchers, we restrict ourselves to just one row of multijunction modules. In OLGA, the inclusion of the coupling between rows does not lead to a significant degradation of the code's performance. However, it should be mentioned that in a real experiment the poloidal inhomogeneity can have an important effect on the coupling of the multirow system. Also the multirow multijunction modules exhibit very significant coupling between the rows of the modules.
Multirow effect are seen in the 2D spectrum. The 2D spectrum for a 1-row system forms a series of peaks located along the line N y = 0. For the multi-row system each peak splits in the poloidal direction into several peaks located at
where a is the height of the waveguides, d row is the width of the septum between the rows, k vac = ω/c is the vacuum wave number, and ∆Φ is the phase shift between the waves powering waveguides in different rows.
Multi-junction modules and the scattering matrixes
It is convenient to first consider the scattering matrix formulation on a simple 1-row, 4-waveguide multi-junction module operating at 3.7 GHz and with a built in phase shift of π/2. To apply the standard junction theorem [14] , we must assume that the mouth of the grill and the mouth of the power waveguide must be well separated from all irregularities inside the junction. Under these conditions there are no nonpropagating modes (which modes could originate in the junction) and one needs only to consider the TE 10 modes here. The scattering matrix connects the incoming and outgoing wave amplitudes.
For a simple multi-junction grill, one obtains the following incident wave amplitudes on the plasma be noted that the orthonormal form of the waveguide modes (see (6) in [2] ) used to determine the scattering matrix S differs from the form of these modes used here and in OLGA (see (A.3) in [1] ). This dictates the form of the coefficients in (1). Since we use time dependence of e −iωt in OLGA, the appropriate scattering matrix in (1) is S * rather than S. Also, in OLGA we reverse the notation of waveguide positions from that used in the derivation of S. (2) The power reflected by one section of the multi-junction grill is determined by B H 10,0 .
Accessibility limit
The accessibility limit, N access , of LH waves in a plasma is readily determined from the WKB solution for wave propagation in a cold plasma. A radial search of the zeros of the discriminant of the bi-quadratic equation for N For |N pol | 5 and if N < N access both the fast and slow waves propagate and are coupled. The accessibility limit is independent of N pol and is symmetric in the interchange N −N . We assume that the waves generated in the inaccessibility region do not penetrate to the plasma center [15] , but are lost with respect to current drive and just collisionally heat the boundary plasma.
When performing a full wave solution we can only integrate the wave equations to some finite depth x end . The reduced accessibility limit, N are decoupled. For TORE SUPRA, x end = 0.2R minor ∼ 14 cm looks optimal. We find the numerical integration to be quite fast and the neglected effects of the toroidal and poloidal curvatures to be small with the first eigenmode fully damped. The accessibility limit can be also determined from the full wave solution. One simple method is to determine the eigenmode with the largest N on the cut N pol = 0 of the spectral power density (figure 2). For larger x end the eigenmodes with high N are difficult to detect but the slow waves below the accessibility limit are still coupled to the fast waves.
It is desired to have the main coupling results to be independent of the model parameter x end . This holds for the power reflection coefficient. We shall show later that for optimal coupling the important parameters that depend on the accessibility limit (such as directivity and the power lost in the inaccessible region) saturate at x end = 0.2R minor and do not change with increasing x end .
Indicators of the coupling efficiency
In particular, the most important indicator is the power reflection coefficient
Because of the accessibility limit we must modify various indicators to describe the coupling efficiency. The power transmission coefficient of the traveling waves (the slow waves reaching the plasma center) is denoted by Here, and also in figures 2, 6, 8 and 11, P(N pol , N ) is the time averaged spectral power density normalized to the total time averaged power incident from the generators. C PCW is the normalized power lost due to wave coupling (slow fast waves):
This arises from the plasma slab eigenmodes (i.e. the coupled standing slow and fast waves), from the traveling coupled, slow-fast, waves in the inaccessible region with |N | N access as well as from the vacuum waves. That part of the power radiated as standing vacuum waves (the fast waves reflected at the left cutoff (n = n crit
is given by
Typically, the conservation of power flow in the OLGA code is maintained to 5 digits, if we take into account the losses in the multijunctions of launcher.
The simple directivity of the transmitted traveling waves can be defined:
However, a more important quantity is the N -weighted directivity [16] , since this describes better the generation of toroidal current:
Here N access can be either the full accessibility or the reduced accessibility and N peak is the position of the main peak in the transmitted spectrum. P(N pol , N ) is the time averaged spectral power density normalized to the total time averaged power incident from the generators.
Benchmarking OLGA with ALOHA and TOPLHA CODES
We benchmark our OLGA code with ALOHA-1D, ALOHA-2D and TOPLHA on a series of 9 specific plasma density profiles from shot #43016 on TORE SUPRA (figure 3) for the C3 and C4 launchers. The profiles are selected so that the plasma surface density at the grill mouth grows from 0.2n crit (for the 1st profile) to 3n crit (for the 9th profile). This wide range of plasma densities permits us to compare the coupling of the launchers from bad to optimal conditions. The density profiles from the grill mouth to the plasma center are obtained from a combination of interferometry and reflectometry measurements.
Of the four codes considered in our benchmarking, only the OLGA code can directly utilize the spline interpolation of the experimental density profile. In the other codes (ALOHA-1D, ALOHA-2D, TOPLHA), the density profile is assumed to be linear. Moreover, in ALOHA-2D and TOPLHA one utilizes only a single electron density gradient ∇n to account for the density following the step density n mouth at the mouth of the waveguides, while in ALOHA-1D one considers a profile with 2 density gradients ∇n 1 , ∇n 2 (double linear density profile).
To determine the optimal double linear density profile (DLP) for each experimental profile, we use the OLGA code and compare the power reflection coefficient of the C3 launcher (see below) determined from the original profile with the power reflection coefficient corresponding to the selected test linear profile. For optimal DLP parameters, there should be an excellent agreement in determining C PR . We must thus determine the 2 density gradients ∇n 1 , ∇n 2 as well as the transition point D R for each particular density profile. For profile #1 we consider 3 linear test profiles, shown in figure 4 . The linear profile A connects the density at the grill mouth n mouth with the intersection of the profile with the critical density n crit , while the second spatial gradient is chosen to fit the first several centimeters of the experimental profile. The first part of linear profile B (the dashed in figure 4) is identical with profile A and its second linear section connects the position of n crit with the maximum density at R major . The dotted line in figure 4 is the linear density profile C where the first gradient ∇n 1 = dn(R mouth )/dx, D R is chosen to be 2 mm, and the second gradient ∇n 2 is so chosen that the profile passes through n(R major ). However, if n mouth n crit , one selects ∇n 1 , ∇n 2 and D R to optimize the linear profile fit with the experimental profile.
The density profile A used in OLGA produces practically the same C PR as the original profile and so represents the optimum DLP (see table 1 ). The density profile B, chosen to reproduce the correct central density peak, gives only slightly worse results. This confirms that the density profiles deeper into the plasma will have only a weak effect on the launcher coupling. The density profile C based on the local density gradient at the grill mouth gives totally incorrect results (a C PR = 4.5% instead 41.5% for the splined measured profile). This confirms that the main parameters affecting the launcher coupling are n mouth and the depth of the evanescent region for waves with N > 1. However, the strength of the local density gradient near the grill mouth has a negligible effect on the coupling (apart from giving information on the purely linear profile). For n mouth > n crit , the coupling is determined principally by n mouth and in all cases there is an obvious weak dependence of the coupling on the shape of the density profile near the grill mouth (approximately 1-2 cm from the mouth).
It should be noted that for some profiles it is difficult to determine an optimal DLP. For example, for profile #3 (table  1) there are large variations in the density gradient near the grill mouth and these are very difficult to model with just a double linear profile.
When we are testing the coupling, we consider ideal launching conditions so that the incident power in all the modules are the same and the phases of the incident waves are at their optimal values. The real experimental effects associated with fluctuations in the power and phase are neglected, and we only consider the effects arising from the actual density and magnetic field profiles on the launcher-plasma coupling. In determining the coupling for the OLGA code, we restrict ourselves to 12 
C3 launcher
The C3 launcher on TORE SUPRA consists of 16 multijunction modules arranged in 2 rows. Each module is composed of 3 rows of waveguides (six waveguides in each row with the 90° built-in phase shift). The modules are separated by 3 passive waveguides arranged in columns. Incident waves (at f = 3.7 GHz) in the power-supplied waveguides of the individual modules have a phase difference of 270°.
We first computed the power reflection coefficients of the C3 launcher for the 9 measured density profiles in table 1 from the OLGA code and compared them to those computed from the ALOHA-1D code using the optimal DLP, figure 5. We see that both the OLGA and ALOHA-1D codes yield similar results for the coupling of the C3 launcher, independent of the density at the grill mouth. The major difference occurs for density profile #3 (see table 1 ) and this can be attributable to the inadequacy of the double linear profile in representing the actual density profile. One sees not only that the reflection coefficients from the 2 codes are in fairly good agreement, but also the spectral power densities (figure 6). For density profile #9 this spectral power density has 2 very narrow peaks which are located in the accessibility region. This excellent agreement between OLGA and ALOHA-1D arises because the radiated spectrum is predominantly in the slow waves: fast waves are ignored in ALOHA-1D.
Because of this excellent agreement in the radiated spectrum from the OLGA and ALOHA-1D codes for the profile #9, one sees excellent agreement in the power reflection coefficients (C Table 1 . Parameters for the optimal double linear profiles (DLP) and power reflection coefficients (C PR ) for original (splined reflectometer data) profiles (OLGA), for optimal DLP (OLGA) and for optimal DLP (ALOHA-1D). This is for the C3 launcher with the magnetic field on the axis, B 0 = 3.98 T. D R is the radial distance from the grill mouth at which there is a transition from linear density gradient ∇n 1 to the gradient ∇n 2 (see figure 4) = 58.5%). In the ALOHA results we have used the accessibility limit as derived from the OLGA code ( N access = 1.66) and derived the above coefficients using the ALOHA spectral density profile integrated over N pol .
For the validity of the OLGA results themselves, it is important that the reduced accessibility limit ( N access ,reduced = 1.53) has little effect on these coefficients. Using this reduced accessibility limit, we find D Both codes give essentially the same coupling coefficients and nearly identical spectral power densities also at the end of the discharge when the plasma column has retreated from the grill mouth and n mouth is subcritical (profile #1). The coupling in this case is bad, with high power reflection coefficients (C PR OLGA = 41%, C PR ALOHA−1D = 42.5%). Only a small part of the incident wave penetrates to the plasma center (C PTW = 33%), and even though the simple directivity remain high ( D TW = 78%) the current drive efficiency is low ( D cd = 19.5%). A large part of the power is radiated into the inaccessible region (C PCW = 25.5%) but the C3 launcher does not radiate vacuum waves (C PVW = 1.5%).
The reduced accessibility limit is rather low in this case ( N access ,reduced = 1.39 in comparison with N access = 1.63) and the reduced parameters that characterize the coupling are well off the saturation in this case (
These results do not improve even when x end is increased to x end = 0.5R minor . However, what is important is that the non-reduced coupling parameters (C RP , C PTW , D TW , C PCW and D cd ) are not dependent on x end . In the following, we shall assume that the coupling is completely characterized by these non-reduced parameters.
Finally, we have tested the coupling arising from a reduced C3 launcher. Such a structure will permit a comparison between OLGA (and ALOHA-1D) with those from ALOHA-2D and TOPLHA. We see from figure 7 that ALOHA-1D systematically predicts a lower power reflection coefficient than the other codes. This can be attributed to the limitations of only permitting slow waves in ALOHA-1D as well as the rather broad spectral peaks arising from the reduced short launcher structure. The outgoing slow waves in the inaccessibility region are not coupled to the reflected fast waves leading to an overestimated transmitted power. The power reflection coefficients from OLGA and ALOHA-2D are essentially in total agreement when n mouth n crit . However, if the density in front of the grill is subcritical and the power in the inaccessible region is increased one finds in ALOHA-2D that the uncoupled slow waves will again transmit too much power into the plasma interior.
To verify OLGA results for coupling in the region, where n mouth < n crit , we need to benchmark against a code that uses the full wave solution for wave propagation in the plasma and can accept the scattering matrix formalism. The TOPLHA code is well suited for this purpose. As seen in figure 7 , the power reflection coefficient computed by TOPLHA coincides with that of OLGA (the profiles # 1, [3] [4] [5] or it is the closest to the OLGA result when compared with the other codes (the profile # 2). In figure 8 we show that not only C PR but also the 2D spectral power densities determined by TOPLHA and OLGA are very similar. In the inaccessibility region, TOPLHA code predicts lower level of the plasma slab eigenmodes (the space resonant slow to fast coupled waves). This is understandable because only in the OLGA code is there an iterative search for the eigenmodes. Also the subsidiary peaks at N = ±3 are in TOPLHA figure weaker because it uses only the fundamental waveguide mode.
The peaks of the 2D spectrum of the spectral power density in the region of accessibility are split poloidally into two main peaks. This is a consequence of TE 10 -TE 30 mode converter used in the C3 and C4 launchers as a poloidal divider. In this way three rows of waveguides in the multijunction section are powered with 180° phase shift. Such an arrangement excites the symmetric spectrum in the poloidal direction, as shown in section 2.1. In the region of inaccessibility we see the first plasma slab eigenmodes encircle the N Overall, we have a succesful benchmarking of OLGA to the TOPLHA results.
C4 launcher
The C4 launcher on TORE SUPRA consists of 16 multijunction modules, interspersed by passive waveguides at both ends and arranged in 2 rows. The modules contain 3 rows of waveguides (3 waveguides in each row, 2 active with a passive waveguide at the center). The active waveguides have the 270° built-in phase shift. Incident waves have the frequency f = 3.7 GHz and the phase shift between modules ∆ϕ 0 = −180 • . We assume that the C4 launcher is located at the same radial position as the C3 launcher. This will permit the use of the same density profiles as in the C3 launcher. We have tested the coupling of the C4 launcher to the TORE SUPRA plasma for the density profiles shown in figure 3 . From figure 9 , it is clear that the coupling of the C4 launcher is extremely good, for all conditions in front of the grill. Moreover, the results of OLGA and ALOHA-1D are also in fairly good agreement except for the case of very low plasma surface density (i.e. profile #1). As can be seen from figure 10, the C4 launcher emits a very large amount of vacuum waves (C PVW OLGA = 19%). This permits the coupling of the C4 launcher even to an empty vessel, as has been observed experimentally. For the ALOHA-1D code these waves (mainly the fast waves) are totally excluded and ALOHA-1D computes this part of the power as being reflected.
Finally, we have tested the coupling of a reduced C4 launcher. Such a structure will permit a comparison between OLGA and ALOHA-1D results with the ALOHA-2D results. From figure 11 we see that the ALOHA-2D and the OLGA codes give essentially the same results. The power reflection coefficient determined by the ALOHA-1D code is quite similar to that from the OLGA code except for the case when the density in front of the grill is subcritical (density profile #1).
Conclusions
We have successfully adapted our efficient LH coupling code OLGA to handle modern multijunction launchers like the C3 and C4 TORE SUPRA antennas. Such structures are multirow, and the multijunction effects are described by the scattering matrices. These structures also contain passive waveguides. All these new features are included in our extended OLGA code. Exploiting the symmetry rules for the coupling elements for multiperiodic systems leads to an efficient code. Accessibility limits, corresponding to the density and magnetic field profiles, are incorporated. OLGA accurately determines the spectral power density in the inaccessibility regions and thus can determine correctly the electric field in front of the grill .
To verify the accuracy of our new OLGA code, we have benchmarked it against the ALOHA-1D, ALOHA-2D and TOPLHA codes for 9 density profiles from TORE SUPRA shot #43016. Only OLGA and ALOHA-1D are computationally fast codes-ALOHA-2D and TOPLHA codes, however, require substantial computational resources (see table 2 in [8] ) and are not able to yield turnaround times relevant for experimentalists.
First, we find that OLGA and ALOHA-1D predict essentially the same power reflection coefficients for the TORE SUPRA C3 launcher, irrespective of the plasma density in front of the grill mouth. The differences between these 2 codes can be explained by the different density profiles obtained by splining the experimental data used in OLGA with the density profiles obtained by a double linear approximations as used in ALOHA-1D. These results also hold for the coupling of the TORE SUPRA C4 launcher: ALOHA-1D and OLGA predict the same power reflection coefficients for 8 of the 9 density profiles-with substantial differences for a strongly subcritical density in front of the grill. In this case, OLGA yields an emitted spectrum that contains a large part of fast waves-waves that are omitted in the ALOHA-1D model.
For reduced C3 and C4l aunchers we can use the ALOHA-2D and TOPLHA codes. We have shown, for both for the power reflection coefficient and also for 2D spectral power density, that the results from OLGA for the reduced C3 launcher are confirmed by the TOPLHA code runs. However the ALOHA-2D code will only predict the same coupling only if the density at the grill mouth is greater than the critical density, n mouth n crit . The ALOHA-1D code gives a low power reflection coefficient because the launched slow wave inaccessibility region are not permitted to couple to the reflected fast waves (since fast waves are ignored in ALOHA-1D). Thus the slow wave will simply propagate into regions of higher plasma density. For the reduced C4 launcher, we find that the results from OLGA and ALOHA-2D are very similar. Since only slow waves are incorporated into ALOHA-1D we do not perform an actual spectral fit of the passive-active launcher.
with respect to the width of the corresponding waveguides. The simplest case occurs for the class of waveguides where the waveguides have the same width-for in this case one can apply the old symmetry rules for fully periodic structures (A.31)-(A.42) in ( [1] If b p = b q then there are no symmetry rules with respect to the exchange of toroidal waveguide indices j n (see [1] ) so that we must integrate the coupling elements for (p start , q start ) pairs for all toroidal waveguide mode indices n, j and if j = 0 also the (q start , p start ) pairs for all n. Because all waveguides have the same height a it is sufficient to restrict ourselves in the poloidal direction to classes given only by the condition |y prow − y qrow | = |y qrow − y prow |.
The symmetry relations for multi-row systems are more complicated since one no longer has symmetry in the plasma surface admittance for N y −N y . However, decomposing the exponential factor exp(iN y k vac (y irow − y jrow )) into sin and cos functions we can split the coupling elements into their symmetric and antisymmetric parts K αβ = K 
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